Alternate pathways for the catabolism of glucose to the central metabolite, 6 -phosphogluconate, have been established in studies of aerobically grown Pseudomonas aeruginosa cells (Fig.  1 ). Glucolysis may be initiated by direct oxidation to gluconate on the outside surface of the cytoplasmic membrane (oxidative pathway) or by active transport and subsequent conversion to glucose-6-phosphate in the cytoplasm (phosphorylative pathway). Further metabolism of 6-phosphogluconate is dependent on enzymes of the Entner-Doudoroff pathway in P. aeruginosa (1, 26) . All of the enzymes and transport systems shown in Fig. 1 are induced during aerobic growth of P. aeruginosa in medium containing glucose (2, 9, 11, 15, 17, 20, (24) (25) (26) (27) (28) . Studies with mutant strains deficient in glucose-6-phosphate dehydrogenase (19) or membrane-associated glucose dehydrogenase (27) have demonstrated that neither the phosphorylative pathway nor the oxidative pathway are uniquely required for aerobic glucose utilization by P. aeruginosa.
Recent interest has been focused on the inductive control and regulation of carbon flux through these alternate glucolytic pathways. Whiting et al. (27, 28) have demonstrated that glucose utilization or sequestration (or both) occurs primarily by direct oxidation to gluconate and 2-ketogluconate in the periplasm when cells are grown aerobically in a chemostat with high glucose concentrations. The role of the phosphorylative pathway has been reported to increase at lower glucose concentrations, owing to relief of repression of the glucose transport system that is caused by gluconate accumulation in the medium. More recently, we demonstrated that P. aeruginosa fails to form membraneassociated glucose dehydrogenase activity during anaerobic growth when nitrate serves as the respiratory electron acceptor (denitrification), and concluded that the oxidative pathway can serve no role in anaerobic glucose utilization (7) . Mitchell and Dawes (16) subsequently reported that oxygen limitation in chemostat cultures also causes a marked reduction in the expression of transport and enzyme components of the oxidative pathway.
In this report, we (5) . The glucose-6-phosphate dehydrogenase-deficient mutant strain PFB103 (zwf-2) was isolated as a mannitol-negative derivative of strain PA01 that grew normally under aerobic conditions in glucose minimal medium (19) .
Bacteria were cultured aerobically or anaerobically at 37°C in liquid basal salts-0.2% yeast extract medium (BYM) as described previously (7) . BYM for anaerobic grpwth contained 100 mM KNO3 as the respiratory electron acceptor, and the sealed cultures were depleted of 02 by exhaustive purging with N2 gas (7, 29) . Additional carbon sources were sterilized by filtration and transferred to sterile BYM as specified for each experiment. Bacterial growth was monitored as culture absorbance with a Klett-Summerson colorimeter equipped with a red (no. 66) filter.
Extact preparation and enzyme assays. Cells were harvested and washed by centrifugation at 5°C as described previously (9) . Samples were removed from anaerobic cultures by displacement with N2 gas. Washed cell sediments were suspended in 0.1 M Trishydrochloride buffer (pH 8.0) containing 10 mM 2-mercaptoethanol (2 ml of buffer per g of washed cells) and ruptured by treatment with a probe-type ultrasonic oscillator (9) . Soluble by purging with N2 gas. Samples of cell suspensions (0.75 ml) contained in test tubes (10 by 75 mm) were diluted with 0.45 ml of warm water (or KNO3 solution, where specified) and made aerobic or anaerobic by purging with air or N2, respectively, in a 37°C water bath shaker. After preincubation for 3 min, the uptake reactions were initiated by the addition of 0.3 ml of U-14C-labeled substrate (final concentration, 0.1 mM [1.7 ,uCi/,uLmol]) that had been prewarmed and purged appropriately with air or N2 gas. At specified times, 100-1,u samples were removed from the continuously purged reaction mixtures, diluted in 2 ml of 50 mM potassium phosphate (pH 7.0, 37°C) overlaying membrane filters (0.45 ,um porosity; Millipore Corp., Bedford, Mass.), filtered immediately, and washed with 3 ml of buffer at 37°C. Filters bearing washed cells were placed immediately into vials containing 10 ml of scintillation cocktail and counted in a scintillation spectrometer as described previously (19) . Uptake activities were recorded as nanomoles of U-14C-la- Chemicals and materials. Pyridine nucleotides and sodium ATP were of the highest chemical purity available from Sigma Chemical Co., St. Louis, Mo., or P-L Biochemicals, Inc., Milwaukee, Wis. Phosphorylated intermediates of carbohydrate metabolism, gluconic acid, 6-phosphogluconate dehydrogenase (type V), and glucose-6-phosphate dehydrogenase (type XI) were purchased from Sigma. A Glucostat special reagent set was purchased from Worthington Diagnostics, and yeast extract was a product bf Difco Laboratories, Detroit, Mich. [U-14C]gluconate (sodium salt) and [U-"4C]glucose were purchased from Amersham Corp., Arlington Heights, Ill. All other chemicals were of the highest purity commercially available.
RESULTS
Characteristics of anaerobic growth. In preliminary studies, P. aeruginosa failed to grow appreciably under anaerobic (denitrifying) conditions in basal salts media containing glucose, gluconate, lactate, or succinate as the sole carbon source. The organism grew rapidly in each of these media under conventional aerobic conditions. Sustained, reproducible anaerobic growth was achieved when the culture media were enriched with 0.2% yeast extract. Vitaminfree 0.2% Casamino Acids were somewhat less effective in satisfying the undefined nutritional requirement for growth under these conditions. P. aeruginosa grew rapidly in anaerobic BYM, and the growth yield was increased by approximately 2.7-fold when the medium was supplemented with 20 mM gluconate or 40 mM lactate ( Fig. 2A) . Supplementation of BYM with 20 mM glucose resulted in a distinctly biphasic growth curve. Glucose had no effect on the doubling time (-1.2 h) during the first phase of growth but did support a second phase of slow growth (doubling time, -11 h), with a cell yield similar to that obtained by supplementation with gluconate or lactate. In contrast, the kinetics of aerobic growth in BYM supplemented with glucose, gluconate, or lactate were virtually identical (Fig. 2B) . These results indicated some specific loss in efficiency of glucose utilization during growth under anaerobic conditions when nitrate was used as the respiratory electron acceptor.
Regulation of the phosphorylative and oxidative pathways. Specific activities of enzymes of the phosphorylative and oxidative pathways for glucose catabolism were determined in extracts prepared from cells grown under both aerobic and anaerobic conditions ( Table 1) . Enzymes of the phosphorylative pathway (glucokinase and glucose-6-phosphate dehydrogenase) and the Entner-Doudoroff pathway were induced to high levels during growth in glucose-BYM or gluconate-BYM under both aerobic and anaerobic culture conditions. In contrast, enzymes of the oxidative pathway (glucose and gluconate dehydrogenases) and gluconokinase were induced only during aerobic growth in glucose-BYM. Gluconokinase and gluconate dehydrogenase were also induced during both aerobic and anaerobic growth in gluconate-BYM.
Similar effects of aerobic and anaerobic growth on the induction of glucose and gluconate transport activities were observed (Fig. 3) . Glucose transport activity was induced only in cells grown in the presence of glucose, and the rate of glucose uptake during the first 2 min was slightly higher in anaerobically grown cells (Fig.  3C ) than in aerobically grown cells (Fig. 3A) . The glucose uptake activity of cells grown under anaerobic (denitrifying) conditions was greatly reduced by the deletion of nitrate from the uptake reaction mixture and was restored immediately by the addition of nitrate (Fig. 3C) Fig. 3 ). Glucose catabolism cannot occur via the phosphorylative pathway in mutant strain PFB103 (zwf-2) because of a deficiency in glucose-6-phosphate dehydrogenase activity (19) . This mutant grew well in glucose-BYM under aerobic conditions; the available glucose was catabolized rapidly, presumably via enzymes of the oxidative pathway, and growth ceased when glucose had been exhausted from the medium (Fig. 4C) . However, under anaerobic conditions, the zwf mutant failed completely to grow at the expense of glucose (Fig. 4D) .
Growth curves for mutant strain PFB103 (data not shown) were essentially identical to those for parent strain PAG1 when cultured in gluconate-BYM under both anaerobic and aerobic conditions (see Fig. 2A and B) . Thus, the zwf mutation had no effect on either aerobic or anaerobic gluconate utilization. Extracts of mutant PFB103 prepared from early stationaryphase cells were severely deficient in both NAD-and NADP-linked glucose-6-phosphate dehydrogenase activities, irrespective of culture conditions ( Table 2 ). The complete failure of mutant strain PFB103 to utilize glucose under anaerobic conditions (Fig. 4D) oxidative pathway (Table 2) . Therefore, aerobic glucose utilization by this mutant (Fig. 4C) occurred exclusively via enzymes of the oxidative pathway. DISCUSSION The failure of P. aeruginosa to form glucose dehydrogenase activity under anaerobic, denitrifying conditions prevented direct oxidation of glucose to gluconate, which precluded the induction of subsequent components of the oxidative pathway. However, appreciable levels of these activities, including the gluconate transport system (Fig. 3D) , gluconokinase and gluconate dehydrogenase (Table 1) , were induced during anaerobic growth when gluconate was Aerobic and anaerobic glucose utilization by P. aeruginosa PA01 and by glucose-6-phosphate dehydrogenase-deficient mutant strain PFB103 (zwf-2). The top panels show the growth of strain PA01 under aerobic (A) and anaerobic (B) conditions. The bottom panels show the growth of mutant strain PFB103 under aerobic (C) and anaerobic (D) conditions. Bacteria were grown in unsupplemented (A) and in 20 mM glucosesupplemented (A) BYM under both aerobic and anaerobic culture conditions. The percent glucose remaining (0) in samples of the glucose-BYM cultures was determined throughout growth as described in the text.
provided in the medium. Thus, the noninduced levels of these activities during anaerobic growth in glucose-BYM resulted from a block in inducer generation from glucose. These results provide additional support for previous reports that glucose dehydrogenase in P. aeruginosa is regulated non-coordinately with gluconate dehydrogenase (27), glucose-6-phosphate dehydrogenase, glucokinase, and the glucose transport system (7, 9) . Although glucose dehydrogenase appeared to be specifically inducible in actively growing aerobic cells, large increases in this activity were observed consistently in aerobic stationary-phase cells, even when BYM was not supplemented with glucose (Tables 1 and 2 ). This enzyme activity clearly is not formed con- stitutively, as it is in Pseudomonas cepacia (10), but its regulation is more complex than a mechanism of simple inductive control. The physiological reason(s) for the failure of P. aeruginosa to form active glucose dehydrogenase during anaerobic growth under denitrifying conditions remains unknown. Nitrate did not cause inhibition of preformed glucose dehydrogenase in the membranes of aerobically grown cells (7) and did not cause rapid inactivation of preformed glucose dehydrogenase when cells were shifted from aerobic to anaerobic growth conditions (unpublished data). Oxygen limitation alone has been shown to be sufficient to cause a marked decrease in the specific activity of the enzyme in actively growing cells in chemostat cultures (16) . Moreover, the time-dependent increase in glucose dehydrogenase activity was retarded, but not prevented, by 100 mM nitrate when cells were shifted from anaerobic to aerobic growth conditions. These observations indicate that regulation is exerted at the locus of synthesis of the enzyme or of some unknown component required for coupling of the primary dehydrogenase to the respiratory electron transport system. Anaerobic or oxygen-limited conditions might prevent generation of the actual inducer for the dehydrogenase or cause repression of synthesis of the enzyme or of a respiratory coupling factor. The latter possibility might operate in a manner similar to those proposed for the regulation of nitrate reductase in Escherichia coli (21) and Haemophilus parainfluenzae (22) . Alternatively, the enzyme may be synthesized but not incorporated properly into the membrane during anaerobic growth owing to changes in components of the respiratory electron transport system. For example, proper incorporation of succinic dehydrogenase is dependent on a b-type cytochrome in Bacillus subtilis (4, 6) , and cytochrome b, is required for the stable incorporation of nitrate reductase in E. coli membranes (13, 14) . A better understanding of the effect of anaerobic (or oxygen-limited) growth on the regulation of glucose dehydrogenase will require unambiguous identification of the enzyme polypeptide(s) and new information on how the primary dehydrogenase is coupled to the electron transport system. Anaerobic, glucose-dependent growth of denitrifying P. aeruginosa was characteristically much slower than anaerobic gluconate-or lactate-dependent growth ( Fig. 2A) . These cells contained glucose transport activity, but appreciable uptake under anaerobic conditions was dependent on the presence of nitrate, the anaerobic respiratory electron acceptor (Fig. 3) Direct proof of an obligatory role for the phosphorylative pathway in anaerobic glucose utilization was obtained in studies with the glucose-6-phosphate dehydrogenase-deficient mutant PFB103 (zwf-2). This mutant failed to exhibit glucose-dependent growth under anaerobic conditions in glucose-BYM, and <3% of available glucose was removed from the medium over a 24-h period. In contrast, mutant PFB103 did exhibit glucose-dependent growth under aerobic conditions, and 100% of available glucose was removed from glucose-BYM within 12 h. Therefore, the phosphorylative pathway is nonessential for aerobic glucose utilization when enzymes of the oxidative pathway can be induced, but it is an obligatory route for anaerobic glucolysis by denitrifying P. aeruginosa.
Gluconate was an effective nutritional inducer of glucokinase in strain PFB103 (Table 2) and of glucokinase and glucose-6-phosphate dehydrogenase in parent strain PAQ1 (Table 1) under both aerobic and anaerobic growth conditions. Gluconate clearly was not required for induction of these phosphorylative pathway enzymes, since both were induced in strain PAQ1 during anaerobic growth with glucose (when oxidation to gluconate was blocked), and neither enzyme was essential for gluconate utilization. Thus, the actual inducer of these enzymes must be a common intermediate formed during aerobic or anaerobic catabolism of both glucose and gluconate by strain PAO1 and during aerobic or anaerobic gluconate catabolism by mutant PFB103 (zwf-2). These results are strongly supportive of our previous report (19) that 6-phosphogluconate is the inductive effector for glucose-6-phosphate dehydrogenase and the dehydratase and aldolase of the Entner-Doudoroff pathway and provide original evidence that 6-phosphogluconate is also the inducer for glucokinase. However, 6-phosphogluconate clearly is not the inducer for the gluconate transport system, gluconokinase, or gluconate dehydrogenase. These activities were not induced during anaerobic glucose catabolism (Table 1) , which occurred exclusively via enzymes of the phosphorylative pathway. This result is consistent with previous evidence that gluconate (or gluconolactone) is the inducer of these components of the oxidative pathway (7, 27, 28) ; gluconate is also the apparent inducer of gluconate dehydrogenase in P. cepacia (10) .
The dehydratase and aldolase of the EntnerDoudoroff pathway were induced to similarly high levels during both aerobic and anaerobic growth of strain PAQ1 in either glucose-or gluconate-BYM ( Whiting et al. (27) have proposed that the persistence of these multiple glucolytic pathways provides a sensitive mechanism for the efficient sequestration or utilization of glucose that is regulated by the concentration of free glucose in the environment. Our present and previous results (7) demonstrate that these alternate pathways in P. aeruginosa also provide different, physiologically significant routes for glucose utilization during growth and respiration under both aerobic and anaerobic (denitrifying) conditions.
